- Apesm

NACA RM E54C29

Uparsilabia’ 6

Copy
RM E54C29

RESEARCH MEMORANDUM

MULTIPLE OVER-ALL PERFORMANCE AND ROTATING-STALL
CHARACTERISTICS OF A 15-STAGE EXPERIMENTAL
AXIAL-FLOW COMPRESSOR AT AN
INTERMEDIATE SPEED
By James G. Lucas and Richard E. Filippi

Lewis Flight Propulsion Laboratory

CLASSIFICATION GIEARGED

' Q - - U . Y. -
. JNCLASSIFIED v ) IBRARY COPY
TACH R abo cee’ UL 6 1954
LA 126 _
By authority of.:i.._.-.,......_.........--'—DS*La --- . --/f-’—-i?fgemgmomu,n LABORATORY

P R g Wart A CLASSIFIED DOCUMENT LIBRARY, NACA
terial ' hWmemuuMMﬁmmELD VIRGINIA

. This affecting
o!thnuplcnlzo laws, 'm.u 18, Uh.s.c Becs. 'mmd'm Lhtrznsmiulonorrwehﬂonoimhl.nmy

NATIONAL ADVISORY COMMITTEE
~ FOR AERONAUTICS |

WASHINGTON
July 2, 1954

SCONFIDENTIAL .

- _ Upa7ailabie




YJd6z

[

schnlcal

I 'u'm I. | .RH MEH.'JH Il

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

NACA RM E54C29

RESEARCH MEMORANDUM

MULTIPLE OVER-ALL PERFORMANCE AND ROTATING-~STATI. CHARACTERISTICS
OF A 15-STAGE EXPERTMENTAI, AXTAT.-FLOW COMPRESSOR
AT AN INTERMEDIATE SPEED

By James G. Lucas and Richaerd E. Filippl

SUMMARY

The 15-stage experimental axlal-flow compressor was investigated at
78.5 percent of design speed, which falls in the region of the surge—
limit line dlscontinulty. In this region indicetions of multiple char-
acteristic curves of compressor operation had been found. On the basils
of previous stage-matchling analyses, these multiple performance char-
acteristics appesr to be the result of multliple-velued stage performence
characteristica. At this speed of 78.5 percent, at least six separate
characteristic performance curves were found, associated with five 4if-
Terent numbers Of rotating-stell configurations, from zero to four stell
zones. It was difficult in many cases to repeat a given performance
curve by approaching the test speed in a simllar manner, and many of the
curves were not steble, the no-stall curve beilng the only definitely re-
peatable one., In some cases a jJjump from one curve to another took place
at the surge point, while in others the change occurred within the usual
liwmits of a conventlonal performence curve and wlthout any sudden obvious
changes in observed data. In general, as the number of zones in the
rotating-stall pattern decreased, the meximum weight flow, maximum effi-
clency, and maximum pressure ratlio of the resultant curves were increased.

It appesrs, therefore, that multiple performsnce characteristics at
a given speed are encountered in the region of the discontinulty of the
surge line.

INTRODUCTION

The 15-stage experimental axlel-flow compressor weas tested at the
NACA Lewls laboratory to determine its over-ail performance character-
lstics. The results of these tests indicate that multiple-valued per-
formance characteristic curves existed over the range of 70 to 81 per-
cent of design speed, which 1s approximately the speed range of the
surge~limit line discontinuity. Such results had been anticipated by the
stage-stacking analysils of reference 1, which assumed that the inlet
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stages had characteristic curves of the discontinuocus or double-branched
type. This analysis, which also assumed an interaction effect causing
several inlet stages to stall when any one of them stalled, clearly showed
that at least two over-all characteristic curves could be obtained at a
glven compressor speed in the range where the inlet stages operate near
the peak of their characteristic curves. In addltion, in this same speed
range the axial depth ot penetration of the stall effects (the number of
stages affected by interactions) could vary, depending upon the stall con-
ditions. This variation of interaction effects could resgult in a multi-
pliclty of compressor performance characteristic curves at any given
speed 1in this intermediate-speed range. The potentlal of multiple-valued
performance curves at a glven speed 1is proved experimentally in reterence
2, which shows three separate performance characteristica for a three-
stage coupressor operated at a single speed.

In order to study this problem, the 15-stage experimental axial-flow
compressor was investigated at a speed of 78.5 percent of design by using
several modes of approach to this speed. The over-all performance and
rotating-stall characteristics that could be obtained at this speed were
evaluated., The results are presented herein.

APPARATUS AND PROCEDURE

The apparatus and instrumentation are the same as outlined in ref-
erence 3,

The normel test procedure of approaching a test speed from a lower
speed with wide-open discharge throttle and then closing the throttle at
constant speed was not followed in the present tests. The,data reported
herein were obtained bty approaching the test speed from both the high-
and low-speed ranges, end along various- lines of consgtant discharge-
throttle opening. These lines will be referred to as "throttle lines.”

All points marked "approximate observed data" were obtained #ith
only a single total-pressure tube at the compressor discharge. Other
points warked "actusl data" were obtalned and calculated by the method
presented in reference 4.

RESULTS AND DISCUSSION
Compressor Over-All Performance
The over-all performance characterlstics of the present compressor
are presented in figure 1 as over-all total-pressure ratlo and adisbatic

temperature-rise efficiency plotted as functions of equivalent weight
flow at equivalent speeds from 30 to 100 percent of design.
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Over-All Performance st 78.5-Percent Design Speed

In order to verify the results of reference 1, tests were run showing
conclusively that any speed in the range from about 70 to about 81 per-
cent of design would exhibit at least two characteristic curves of stable
operation. A speed of 78.5 percent of design was chosen for the present
investigation after preliminary tests had shown evldences of several char-
acteristic curves obtainable at this speed. The investigation was con-
ducted at this speed by approaching it from both the high- and low-speed
sides and along several different throttle lines, since it was anticipated
that the mode of approach to the operating speed, and the compressor oper-
ating and stall conditions present at the time the approach was started,
would determine the operating and stall conditions at the test speed. Al-
though the rate of approach would probably have some effect on which cher-
acteristic curve was resched during a certain approach, the very high in-
ertia of the test rig prevented any investigatlon of such transient effects
a8 wlght be encountered in engine operation.

The over-all performance of the compressor indicated at 78.5-percent
speed is presented in figuree 2 and 3 as plots of over-all total-pressure
ratio and adiabatic efficlency against equivalent weight flow.

Approach from low-speed side. - The first approach to the test speed
was made by increasing speed slong the approximete throttle 1line marked
T, on figure 2. Operation at 78.5-percent speed after this approach was

on curve A at the data point indicated as A_, and at this condlition
there were four rotating-stell zones present. OThe dilscharge throtitle was
opened with resulting operation down curve A to lower pressure ratios
and higher flows with four rotating-stall zones present at all points.

When the throttle was closed from the maximum flow point indicated
on curve A, compressor operation moved to point Al’ possibly dlscontin-

uously, and there were still four stall zones present, elthough as viewed
on the oscilloscope, there was a very low-frequency rotating expansion
and contraction cycle that perlodically varled the circumferential width
of the rotating-stall zones. Further cloeing of the discharge throttle
resulted in operation at an essentially constant pressure ratioc with a
reduction in welght flow. A deta point on this constent-pressure-ratilo
characteristic was arbitrarily taken at point Az, with three stall

regions present. When the throttle was closed very slightly more, the
compressor surged, indicating that point Ap was very close to a surge

point. Operation after the compressor was brought out of surge by open-
ing the throttle somewhat sppeared to be slong curve A. Although the
number of zones in the stall pattern at point Az was different from

that of curve A, it was thought that the surge point of curve A, as
obtained by closing the throttle at 78.5-percent speed from the point

obtained after approaching along the original throttle line Tl, would
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be at about point A, with four stell zones present. However, this
assumption was not checked.

In an attempt to reach point A, again, for the purpose of deter-
mining its operating curve, the original throttle line T; was followed
closely in approaching 78.5-percent speed and the throtile was then
opened. Instead of remailning on curve A ag had previously been the
case, the compressor operation moved to curve B, probably discoantinu-
ously, although the path of operation was not definitely established.

As the throttle was closed, the compressor operation moved up curve B
wlth two rotaeting-stall zones present, although most of the points ob-
served along this curve had associated with them stall zones spaced
agymmetrically around the clrcumference. For example, the itwo stall
zones might have been displaced by 90° or 120° rather than 180°. At a
point Just above the maximum pressure ratic limit of curve B, surge oc-
curred, and after a slight opéning of the throttle the compressor was
found to be operating on curve A. Whether surge caused the shift in
operation or the shift occurred immediately before surge could not be
ascertained. '

At another date the test speed was again spproached approximately
along the throttle line T2 with resultant operation at about the center

of curve C with three rotating-stall zones present.  As the-throttle was
opened, the three circumferentially asymmetric stall zomes changed to two
circumferentially asymmetric stall zones and the welght flow increased
gbout 4 pounds per second, posslbly discontinuously, wlth resultant oper-
ation on curve D. The two stall zones persisted as the throttle was
opened and then closged along curve D until just before surge occurred,
at which point there was only one stall zone present. This single-stall-
zone pattern remsained after surge, and curve D was then found to be re-
peatable over its full range.

In addition to the curves Jjust discussed, several others were found.
Curve C, which was previously mentioned, has three rotating-stall zones
with al1ll points dlsplaying either circumferential asymmetry or the
expension-contraction effect already described. Curve E 1is a locus of
some polnts which, in addition to those of curve A, exhlbit four rotating-
stall zones. The two sectlions of the curve were determined separately and
are shown Jolned by a dashed line, since they may in reality not be parts
of a slngle continuous curve. " An indication had been Ffound of another
curve at the same speed but with a conslderably lower welght-flow renge
than that of curve A. However, this curve has not been presented because
of lack of accurate point determinations and because no rotating-stall
data were taken at the time.

The majority of the stall zones measured extended sbout 1/2 to 3/4
of the radial depth of the annulus from the tip.
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It probably would be possible to obtain other cheracteristic curves,
perheps many of them, at the test speed by using still different modes of
approach from the low-speed side. However, their value would probably be
small in evaluating any further general effects of multiple character-
istic curves than those already given here. Similerly, there are many
more speeds in the intermediate range which could have been lnvestigated
but which would probebly show effectively the same results.

A general trend can be obgerved of meximum welght flow as related
to number of rotating-stall zones for each of the curves of figure 2.
With the exception of the slight discrepancy found in comparing the two-
and one-stall-zone curves (B and D), it is quite evident that, as the
number of rotating-stall zones is decreased, the meximum welght flow of
the resultling cheracteristic curve is increased. With the increase in
maximum weight flow of the speed curve, the peak pressure ratio is also
increased, as would be expected, since the inlet stages operate at lower
angles of attack and therefore closer to the peaks of their individual
pressure~ratio curves. This increase in weight flow and peak pressure
ratio indicates an improvement in stage matching that may result from
a decrease in the nunber of staeges affected by interaction due to ro-
tating stall or & decrease in the deterioration of stage performance as
a result of rotating stall instigated by an inlet stage.

An incidental point that was observed during this investigation
bears reporting at this time. Aitter the compressor was brought out of the
surge that occurred on curve E by openling the discharge throttle some-
what, there were three stall zones in the first stage and two stall zones
in the fourth stage. This lasted only a few seconds, after which the os-
cilloscope showed three stell zones 1in hoth stages, and operation appeared
to be on curve C. Perhaps for these few seconds there was a three-stall-
zone pattern at the inlet that was nearly expended and was replsced before
the fourth stage by an unstable two-stall-zone pettern that eventually
split into a three-stall-zone pabttern.

Approach from high-gpeed gide. - Curve F was determined by increas-
ing the compressor speed until the unstalled condltion was reached, then
closging the discharge throttle and decreasing the speed along a constant
throttle line untll the speed of 78.5 percent was reached at point F..
This curve ls stable and repeatable after surge and exhibits no rotatgng—
stall pattern at any tlme.

This no-stall curve is related to the curves previously discussed in
the same manner that these curves are related to one another; that is, as
the nunber of stall zones is decreased, the maximum weight flow and
surge pressure ratlio are lncreased.
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Etticlency at 78.5-Percent Deslign Speed

From the-three curves of figure 3, which are the efficlency plots
corresponding to curves A, B, and F of figure 2, and vhich represent
operation with four, two, and no rotating-stall zonesg, respectively, it
can be seen that the peak efficlency of each curve becomes higher as the
number of rotating-stall zones is decreased, or similarly, as the max-
imum welght flow 1s increased. ‘' The explanatlon for this is the same as
for the increased pesk pressure ratio; that is, the inlet stages are
operating at lower angles of. attack end therefore closer to their indi-
vidual peak efficiencies. Although no efficiency data were taken for the
obgerved points shown on figure 2, i1t was expected that the peak efficien-
cies for the three- and one-stall-zone curves would probably follow the
same trend. Further evidence to support the observation that the higher
meximum-weight-flow ¢urves have.higher pesk eftficiencies 1s shown in
figure 3. Point Al, which is on a higher welght-flow curve than curve

A, although 1t has the same number of rotating stalls, has an efiiciency
higher than the peak efficiency measured on curve A.

SUMMARY OF RESULTS

Thé followlng results were obtalned from an investigation at 78.5-
percent design speed of the experlimental 15-stage axial-flow compressor:

1l. Six different characteristic curves of operation at a given in-
termediate speed of 78.5 percent were indicated., Bach of thege curves
seens to be accompanied by a definite number of rotating-stall zones,
although a glven number of rotating-stall zones does not necessarily
determine a single operation curve.

Z. In general, as the number of rotating-~stall zones is decreased,
the resulting operatlon curve hasg a higher maximum welght flow, higher
peak efficlency, and higher surge pressure ratio.

3. When the speed 1s decreased to the test speed from the unstalled
condlitlons, a single operation curve is determined. However, when the
speed 1is inecreased to the test speed from the stalled conditlon, the
resulting operation could be on any one of several curves.

Lewis Flight Propulsion Laboratary
National Advisory Committee for Aeronsautics
Clevelend, Ohio, April 7, 1954
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Over-all total-pressure ratio

4-0 1 ] T 1 ‘
0 Actual data \
O Approximate observed b
data
Surge points solid \
3.5 .
oy, 1 /
i 0 - ~ I;,/
Ag }\\‘“311~ii:A1 ©
3-0 ey - f-f .y
~ \/&.O \ ~ N
///27r/ \\\\\ | P L
2.5 Tz 4771 \3\ %
vyl o
//4 D
o
7 \ E
////, o_ ¢
zio///’ L B B
A
1.5
70 80 90 100 110

Equivalent weight flow, 1b/sec

Flgure 2. - Over-all total-pressure ratlio at 78.5-percent
design speed.

1z0



10 S NACA RM E54C29

>

[

o

[1)]

ot

5]

-

]

Gy

[19]

[0]

& N \

] /—O\

7 -~ \ \

B

: \ ¥

(03]

& .5 \

Q

+ 4

]

:S

g \ .

[

g .4

<z ‘ 4

B T
0
A
.3

80 90 100 110 120
Equivaelent weight flow, 1b/sec

Figure 3. - Over-all compressor efficilency at 78.5-
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